Introduction
============

Nesprins are a family of nuclear membrane proteins characterized by spectrin repeats and a C-terminal transmembrane domain, the KASH-domain, which anchors them in the nuclear membrane. The four members of the family connect the nucleus through their N-termini to the actin cytoskeleton (Nesprin-1 and -2), to the intermediate filament system (Nesprin-3) and to the microtubule network (Nesprin-2 and -4).[@R1]^-^[@R5] The Nesprin-1 and -2 genes, SYNE-1 and SYNE-2, give rise to several isoforms.[@R6] The longest ones, Nesprin-1G and -2G, harboring an N-terminal α-actinin like actin-binding domain (ABD) localize to the outer and inner nuclear membrane.[@R7]

Nesprins are components of the LINC complex (linker of nucleoskeleton and cytoskeleton). They interact through their KASH-domain with the C-termini of SUN-domain proteins in the perinuclear space forming the core of a protein assembly which connects the nuclear interior with cytoskeletal components in the cytoplasm.[@R8] Like the Nesprins, SUN domain proteins are type II integral transmembrane proteins with a C-terminus facing the perinuclear space and an N-terminus reaching into the nucleoplasm. Both Nesprins and SUN proteins interact with Lamin A/C, intermediate filament proteins that form a network underneath the inner nuclear membrane, and have crucial functions in maintaining nuclear architecture, regulating the organization of chromosomes, transcription, cell cycle progression and nuclear migration.[@R9] Further interaction partners of Nesprins at the NE are Emerin, muscle A-kinase anchoring protein (mAKAP), muscle-specific tyrosine kinase (MuSK) and kinesin light chain. The respective binding sites have been mapped to C-terminal spectrin repeats of the Nesprins.[@R1]^,^[@R7]^,^[@R10]^-^[@R13]

Recent studies suggested that Nesprin-2 is also a component of signaling platforms at the NE and in the nucleus. At the NE it interacts with α- and β-catenin and with Emerin regulating WNT-signaling, in the nucleus KASH-less isoforms interact with ERK1/2 kinases and affect signaling.[@R12]

Nesprin-1 and -2 are widely expressed and their expression overlaps in several organs like stomach, kidney and spleen as well as in cell lines. In brain, heart and skeletal muscle Nesprin-1 is the more abundant protein, whereas in lymphoid and hematopoietic tissues, in liver and in skin Nesprin-2 is the predominant protein and in skin mainly the largest isoform is expressed whereas the C-terminal isoforms are hardly detectable.[@R3]^,^[@R18]

Mutations in nuclear envelope proteins like Lamins, Emerin or Nesprins lead to severe human diseases collectively known as laminopathies or nuclear envelopathies and include progeria, neuropathy and lipodystrophy to cardiac and muscular dystrophies.[@R14] Most of them are due to mutations in the LMNA gene encoding Lamin A/C. Although Lamins A/C are expressed in virtually all somatic cells, mutations in these proteins manifest in phenotypes that differ with respect to the affected tissue, the age of onset and the severity. The underlying mechanisms may be alterations of the mechanical stability of the cells, altered gene transcription or altered signaling processes.[@R15] More recently, components of the LINC complex have been discussed in this context as disruption of the complex can result in alterations in cellular structure and function that may contribute to the development of laminopathies. In fact, mutations in Nesprin-1 and Nesprin-2 were shown to be responsible for some cases of Emery-Dreifuss muscular dystrophy.[@R16]^,^[@R17]

Previously we reported the generation of mice lacking the largest Nesprin-2 isoform Nesprin-2G (Nesprin-2 knockout mice). For the inactivation of the SYNE-2 gene a vector was used that targeted exons encoding part of the actin-binding domain. This resulted in the interruption of the reading frame leading to the complete loss of Nesprin-2 Giant. The protein was no longer detectable by protein gel blot analysis and in immunofluorescence analysis. Smaller C-terminal isoforms that arise from the use of internal transcription or alternative translation sites were still present in those tissues where they are expressed.[@R18] The knock out (KO) mice are viable and healthy. Nesprin-2 KO mice have also been reported by Zhang et al.[@R19] in which the C-terminal isoforms were specifically targeted. Similarly the mice were viable and did not exhibit obvious changes.

As Nesprin-2 Giant is strongly expressed in skin we focused on this organ in our further analysis of the knockout animals. Important also, Nesprin-2 Giant is the major Nesprin-2 isoform in skin whereas C-terminal isoforms are detected at very low levels in skin lysates with an antibody generated against a polypeptide encompassing the last four spectrin repeats of Nesprin-2[@R7] and appear as \~40 and 50 kDa proteins.[@R18] We observed a thickening of the epidermis as a consequence of increased epithelial nuclear size and a relocalization of Emerin from the NE to the cytoplasm. Nuclei in primary dermal knockout fibroblasts and keratinocytes were often misshapen displaying a striking similarity to nuclear deformations characteristic for laminopathies. In vitro wound healing was impaired in Nesprin-2 KO fibroblasts, the cells had a slower migration rate and cell polarization was affected. Furthermore, Lamin A/C organization was perturbed.[@R18] Here we performed in vivo wound healing experiments with which we could probe Nesprin-2\'s role in cell proliferation, differentiation and migration. The results suggest that Nesprin-2 affects tissue regeneration in wound repair by regulating the cytoskeleton and affecting signaling processes.

Results
=======

Loss of Nesprin-2G results in altered wound repair and defects in cell migration, proliferation and differentiation
-------------------------------------------------------------------------------------------------------------------

Based on the prominent expression of Nesprin-2G in the epidermis ([**Fig. S1A**](#SUP1){ref-type="supplementary-material"}) and dermis we tested the response of the mutant skin to an injury. Macroscopic inspection of KO wounds revealed a slight acceleration in wound closure during the initial time points. In contrast, after 7 and 10 d there was a significantly delayed wound closure. The macroscopic findings were confirmed by histological analysis where from day 7 onwards the distance between the migrating epidermal tips was increased in sections from KO mice compared with wild type (WT) sections, and at days 7 and 10 the distance between the migrating epidermal tips in the KO was significantly larger than in the WT ([Fig. 1A--D](#F1){ref-type="fig"}).

![Wound healing is delayed in Nesprin-2 Giant knock out mice and the macrophage population is increased in KO mice. (A) Wounds from WT and Nesprin-2 KO mice at day (D) 0 and 10. The dotted red line indicates the wound area left open at day 10 (10D). (B) Graph showing progress in wound closure in WT and Nesprin-2 KO mice. At each time point wounds from WT and KO mice (n = 2 wounds/mouse; six mice per time point) were analyzed and the percentage (%) of the open wound area was calculated from macroscopic observation (\*p \< 0.05). (C) Skin sections of WT and KO were stained with HE (shown for day 1 and 10). The position of the migrating epithelial tip is indicated by arrowheads. (D) Distance between the migrating epidermal tips during wound healing. At day 7 and 10 the distance differs significantly in WT and KO (n = 3--6 sections/wound/mouse, \*p \< 0.05 and \*\*p \< 0.01). (E) Detection of macrophages with F4/80 antibody. Brown staining indicates F4/80 stained cells (shown for day 5). (F) Quantitative PCR analysis shows significant upregulation of chemokine MCP1/CCL2 in KO skin compared with WT at all three time points (n = 6, \*p \< 0.05 and \*\*p \< 0.01; fold changes are given in arbitrary units).](nucl-3-172-g1){#F1}

For a detailed analysis of the initial phase of wound healing, the inflammatory phase, we stained the wound tissues for the macrophage marker F4/80 in order to detect infiltration of macrophages. At day 1, 3 and 5 more F4/80 positive cells were seen in sections from KO wounds ([Fig. 1E](#F1){ref-type="fig"}, brown staining, shown for day 5) possibly explaining the slightly enhanced wound closure in the KO animals during the early stages. Since macrophages are attracted by chemokines like MCP-1/CCL2 (monocyte chemoattractant protein-1/chemokine ligand 2), we tested MCP-1 expression in the wounds. In an earlier microarray analysis of RNA derived from dermal fibroblasts of Nesprin-2G KO and WT mice we had observed an upregulation of MCP-1 (data not shown). Performing quantitative real time PCR (qRT-PCR) analysis we observed significantly increased expression levels of MCP-1 in KO wounds at days 1, 3 and 5 confirming our F4/80 staining results ([Fig. 1F](#F1){ref-type="fig"}).

Migration of keratinocytes toward the wound area occurs during the new tissue formation phase followed by hyper-proliferation of the keratinocytes. We studied the keratinocyte migration pattern by staining the sections from 5, 7 and 10 d after wounding for Keratin 14 (K14) as a marker for keratinocyte differentiation ([Fig. 2A](#F2){ref-type="fig"}). In case of WT wounds from day 5 and 7 the keratinocytes (red staining) migrate from the neighboring epidermis toward the wound area and migrate further between the fibrin clot and the dermis by forming a sharp edge (indicated by the dotted line in [Fig. 2A](#F2){ref-type="fig"}) also called migrating tongue. In Nesprin-2 KO wounds keratinocytes do not show such a migration pattern in both 5 and 7 d samples. The absence of a migrating tongue could be one of the reasons for slower wound closure in the KO mice. At day 10, the wounds in the WT were sealed, and the epidermis at the wound area was thin and resembled normal skin. The white line (day 10) indicates the wounded epidermis between the migrating tongues. In KO wounds at day 10 the distance between the migrating tongues differed from that of WT and also the epidermis was much thicker indicating that the wound in KO has not completely closed.

![Nesprin-2 KO wounds show altered epithelium formation and reduced proliferation during wound re-epithelialization. (A) Keratinocyte migration over the wound area between fibrin and the dermis was studied with keratinocyte differentiation marker K14 (a cytokeratin 14 specific antibody). Red, K14 staining, blue, DAPI staining of the nucleus. Scale bar, 100 μm. White line in the 10D panels indicates the distance between the migrating tips. Epi, epidermis; Derm, dermis. (B) Sections from WT and Nesprin-2 KO wounds (5, 7 and 10 d after wounding) were stained with a Ki-67 specific antibody as marker for keratinocyte proliferation. The examples shown are from 10D. (C) Quantification of Ki-67 positive cells. Cells positive for Ki-67 were counted per unit area. KO wounds showed significantly reduced numbers of Ki-67 positive cells (red) compared with WT at 5, 7 and 10 d after wounding (n = 2--3 sections per animal, four animals per time point per strain) (\*p \< 0.05). (D) Decrease in cell population in Nesprin-2 KO. Fibroblasts from WT and KO (passage 2 and 3) were cultured on culture plates (n = 100 cells) and their proliferation rate was measured as increase in cell population after 48 h.](nucl-3-172-g2){#F2}

Keratinocyte migration and proliferation are crucial events for reepithelialisation of the wound and alterations in these processes might be causing the observed delay. Keratinocyte proliferation was assessed by staining for the cell proliferation marker Ki-67. Counting the Ki-67 positive cells revealed a reduction in their number in the KO at all time points tested ([Fig. 2B](#F2){ref-type="fig"}, bright red stained cells; [Fig. 2C](#F2){ref-type="fig"}). We next determined whether the reduced keratinocyte proliferation leads to reduced hyperproliferative epidermis in the KO and found in our measurements that the length and the area of the hyperproliferative epidermis in hematoxylin and eosin (HE) stained sections was indeed reduced ([**Fig. S2A and B**](#SUP1){ref-type="supplementary-material"}). Such a reduction leads in general to slower re-epithelialization as we observed in the KO wounds.

The reduction in proliferation was not limited to keratinocytes in the in vivo situation but was also found for primary fibroblasts in culture. After 48 h of culturing, fibroblasts from KO showed only a 1.65 times increase in cell numbers as compared with 2.12 times for WT ([Fig. 2D](#F2){ref-type="fig"}). From these observations we propose that, Nesprin-2 is required for the cell proliferation process.

Restoration of the dermal matrix requires the migration and proliferation of fibroblasts and overlaps with reepithelialisation. Fibroblasts in the dermis synthesize extracellular matrix to strengthen the damaged tissue and subsequently to contract the granulation tissue. For wound contraction, the fibroblasts differentiate into specialized cells called myofibroblasts which are characterized by stress fibers containing α smooth muscle actin (α-SMA).[@R20]^,^[@R21] When we investigated the expression of α-SMA in the wounds of KO and WT mice by immunofluorescence analysis and quantified the pixel intensity of staining per unit area we noticed differences at day 5 and a significantly higher intensity of α-SMA staining per unit wound area in WT at days 7 and 10 indicating that more fibroblasts had differentiated into myofibroblasts in WT than in Nesprin-2G KO ([Fig. 3A and B](#F3){ref-type="fig"}). To study wound contraction in more detail we measured the area of the granulation tissue. This is a highly vascularised tissue which replaces the initial fibrin clot in the wound and which can be revealed by Sirius red staining. We observed a larger area at day 7 and 10 in Nesprin-2G KO wounds being indicative of delayed wound healing too ([Fig. 3C](#F3){ref-type="fig"}).

![Differentiation of fibroblasts into myofibroblasts is reduced during the wound healing process in Nesprin-2 KO mice. (A) Differentiated myofibroblasts were identified by staining for α smooth muscle actin (α-SMA) as shown for day 7. Scale bar, 100 μm. (B) α-SMA staining was quantified as intensity per unit area. The intensity per unit area at 7 and 10 d after wounding differed significantly (\*p \< 0.05) (n = 2--3 sections per animal, 4--5 animals per time point per strain) between WT and Nesprin-2 KO mice. (C) Granulation tissue area was measured at 7 and 10 d (\*\*p \< 0.001). Larger granulation tissue area indicates slower wound contraction (n = 2--3 sections per animal, six animals per time point per strain). (D) Increased distance between the panniculus carnosus (PC) in KO wounds is also indicative of retarded wound contraction (\*p \< 0.05) (n = 2--3 sections per animal, 6 animals per time point per strain).](nucl-3-172-g3){#F3}

For the wound healing experiment four circular full thickness wounds, that is beyond the panniculus carnosus (PC) muscle, were made on the dorsal side of the mice. The PC contributes to the wound healing process by contracting the wound, and excision of the PC muscle delays wound healing.[@R22] When we determined the distance between the edges of the PC to get a measurement for wound contraction we found that it is decreased in WT and KO wounds over time, however, in KO wounds this distance was significantly wider compared with WT ([Fig. 3D](#F3){ref-type="fig"}). All these deficiencies will contribute to slower wound healing and contraction in the Nesprin-2 KO.

Next we wanted to know by which mechanisms Nesprin-2 affects these processes and analyzed cytoskeleton dependent properties of the cells and a potential involvement of Nesprin-2 in signaling processes.

Nesprin-2G deficient fibroblasts have an altered cytoskeleton
-------------------------------------------------------------

A dynamic actin cytoskeleton is critical for numerous cellular processes including cell adhesion, migration and cytokinesis. These processes require a precise regulation of cell shape and mechanical force generation which is dependent on rearrangements in the F-actin network. Nesprin-2G can bind to F-actin through its N-terminal ABD. The ABD also affected actin polymerization kinetics by shortening the elongation time which led to an increased rate of actin polymerization in a concentration dependent manner.[@R2] F-actin staining in Nesprin-2G KO fibroblasts derived from uninjured dermis revealed that filaments were frequently less regular around the nucleus and mostly absent from the area over the nucleus ([Vids. S1](#SUP1){ref-type="supplementary-material"} and [S2](#SUP1){ref-type="supplementary-material"}). In WT cells we mainly observed the typical distribution of F-actin throughout the cell ([Fig. 4A](#F4){ref-type="fig"}). Approximately 22% of Nesprin-2G KO fibroblasts exhibited a defective F-actin pattern, whereas in WT it was \~12% ([Fig. 4B](#F4){ref-type="fig"}). The microtubule system was altered as well. In WT cells microtubules extended outward toward the cell periphery whereas in the KO cells microtubules were arranged in a circular pattern ([Fig. 4C](#F4){ref-type="fig"}). An effect on the microtubule system is not unexpected as we recently have reported an interaction of Nesprin-2 with the microtubule motor protein kinesin.[@R13] Shape and positioning of the nucleus largely depend on the cytoskeleton and alterations of the LINC complex lead to changes.[@R23]^,^[@R24] We quantified the nuclear height by carrying out Z-stack imaging of stained nuclei with a laser scanning confocal microscope. In WT we measured 8.1 ± 1.64 μm for the nuclear height, in KO primary fibroblasts the height increased to 9.85 ± 1.64 μm ([Fig. 4D](#F4){ref-type="fig"}).

![Nesprin-2 maintains actin fibers around the nucleus in fibroblasts. (A) WT fibroblasts and Nesprin-2 KO fibroblasts were stained for F-actin with TRITC Phalloidin. DAPI is used for staining the nucleus. The arrow points to an altered cytoskeleton. (B) Fibroblasts with altered actin fiber arrangement (arrows) were counted and calculated as percent of total fibroblasts. Seven-hundred seventy-seven WT and 991 Nesprin-2 KO cells were used for the analysis. KO fibroblasts showed a significantly higher number of cells with a defective actin cytoskeleton (\*p \< 0.0001). (C) The microtubule system is altered in Nesprin-2 KO fibroblasts. Cells were stained with mAb WA3 for α-tubulin. Arrows point to the organization of microtubules in the cell periphery. (D) The nuclear height is increased in Nesprin-2G deficient cells. DAPI was used to stain the nuclei. Ninety-six WT and 102 KO cells were analyzed (\*\*p \< 0.001).](nucl-3-172-g4){#F4}

Cell migration defects in mutant primary keratinocytes are associated with altered focal adhesions
--------------------------------------------------------------------------------------------------

To ask whether altered keratinocyte migration contributes to the wound healing defects, we analyzed the migratory behavior of keratinocytes after introduction of scratch wounds into monolayers ([Fig. 5A](#F5){ref-type="fig"}). Whereas WT keratinocytes had significantly migrated toward the scratch after 48 h, the open wound area in the KO was wider. Quantification of the speed of migration supported this difference revealing a slower migration for KO keratinocytes \[WT, 4.27 ± 1.33, KO, 1,66 ± 0.48 μm/h (12 h); WT, 3,20 ± 0.53, KO, 0.91 ± 0.29 (24 h) and WT, 2.92 ± 0.38, KO, 0.69 ± 0.10 (48 h)\] ([Fig. 5B](#F5){ref-type="fig"}). Pictures taken at different time points using time lapse video microscopy confirmed these observations.

![Migration and focal adhesion formation is altered in Nesprin-2G deficient keratinocytes. (A) A scratch-wound healing assay reveals a migration defect in Nesprin-2G deficient primary keratinocytes. Wound closure was followed by live cell microscopy (0 to 48 h after scratching). Scale bar, 200 µm. (B) The speed of migration was determined at the indicated time points (µm/hr). (C) Formation of focal adhesions in control and Nesprin-2G deficient primary keratinocytes. Keratinocytes were trypsinized and plated onto type I collagen. Focal adhesion formation was assessed after 3.5 and 6.5 h by staining for Vinculin. The boxed area shows focal contacts (arrows). Scale bar, 25 μm. (D) Determination of the percentage of cells that had formed focal adhesions 3.5 and 6.5 h after plating. 285 WT cells were analyzed each at both time points and 100 (3.5 h) and 130 (6.5 h) KO cells. (E) Determination of the area containing cells positive for Vinculin. 111 WT and 60 KO keratinocytes were examined. (F) protein gel blot analysis showing the expression of Vinculin protein in Nesprin-2 KD and WT cells. Actin was used as a loading control.](nucl-3-172-g5){#F5}

As an altered cell migration is often associated with altered cell adhesion properties[@R23] we explored the formation and size of focal adhesions. For that cells were immunostained with Vinculin specific antibodies at 3.5 and 6.5 h after trypsinization and replating onto a type I collagen matrix. Significantly more KO keratinocytes had formed focal adhesions at both time points and the cells appeared more spread. In accordance, the area of the cells on the substratum was increased in comparison to WT ([Fig. 5C--E](#F5){ref-type="fig"}). Support for enhanced focal adhesion formation comes also from experiments with HaCaT keratinocytes in which Nesprin-2 amounts were reduced by siRNA. For this we transfected the cells with a plasmid encoding a shRNA targeted to the C terminus of Nesprin-2 or a control. Loss of Nesprin-2 was confirmed both by immunofluorescence and protein gel blot analysis using pAbK1 which recognizes a C-terminal epitope ([**Fig. S1B**](#SUP1){ref-type="supplementary-material"}).[@R7] The knock down (KD) cells formed large focal contacts as determined by measuring their length and area ([**Fig. S3A and B**](#SUP1){ref-type="supplementary-material"}). For Nesprin-2 KD the length measurements were 2.47 µm ± 1.45, for WT cells 2.13µm ± 1.22. In parallel the area of focal contacts was also increased in KD cells (3.02 µm^2^ ± 2.26) as compared with WT (2.46 µm^2^ ± 1.95). As we found that area and length of focal adhesion and focal contacts are enhanced in KO and KD cells in comparison to WT cells we further analyzed whether KO and KD cells do not only have the capacity to spread faster but also express increased amounts of focal adhesion markers. Surprisingly, protein gel blot analysis revealed that Nesprin-2 KD cells express less Vinculin at 3 and 6 h ([Fig. 5F](#F5){ref-type="fig"}; both at 3 and 6 h after replating). Actin was used as a loading control.

Transcription factors show alterations in KO wounds
---------------------------------------------------

The NE is not only a border between the nucleoplasm and the cytoplasm; it also has roles in gene expression through interactions of its components with chromatin. In general, genes organized in chromatin which is associated with the nuclear lamina are typically repressed.[@R25] So far NE-chromatin interactions were mainly shown for Lamin A/C and Lamin associated proteins; however, other components of the NE like BAF and the SUN proteins can also bind to chromatin.[@R26]^,^[@R27] Another possibility for the NE to influence gene expression is by binding to and sequestration of transcription factors.[@R28]

We first tested the effect of the loss of Nesprin-2G on gene expression and selected transcription factors that are known regulators of the wound healing process, namely PPARβ/δ (peroxisome proliferator-activator receptor β/δ), EGR-1 (early growth response factor 1) and E2F1.[@R29]^-^[@R31] PPAR β/δ regulates keratinocyte differentiation during both normal epidermis renewal and re-epithelialisation of skin wounds, EGR-1 can be induced at sites of injury and repair and regulates the transcription of a wide array of downstream genes involved in inflammation, matrix formation, and remodeling, and E2F1 has a unique role in keratinocyte proliferation, adhesion, and migration as well as in wound repair and epidermal regeneration in vivo. We found that expression of PPARβ/δ and E2F1 was downregulated in wounds from KO at day 1 compared with the respective time points from WT. Expression of EGR-1 and E2F1 was slightly increased in KO wounds at day 3. At day 5 no difference in expression level was found ([Fig. 6A](#F6){ref-type="fig"}).

![Expression of transcription factors differs in Nesprin-2 KO wounds. The expression of transcription factors PPAR-β/δ, EGR-1 and E2F1 was studied by qRT-PCR using RNA from wounds harvested at the indicated time points and the KO/WT ratio of mRNA for the respective transcription factors determined (five mice each from WT and KO per time point). Mean values and standard errors are shown.](nucl-3-172-g6){#F6}

Nesprin-2 participates in TGFβ-induced SMAD signaling
-----------------------------------------------------

TGFβ is an important regulator of wound healing affecting different processes during repair.[@R32] It activates Smad3, which then inhibits AP-1-mediated induction of PPARβ/δ. This results in downregulation of PPARβ/δ at the wound site. Activation of Smad proteins occurs through phosphorylation followed by translocation to the nucleus.[@R33]^,^[@R34] We investigated whether Nesprin-2 is involved in these signaling processes in HaCaT KD cells ([Fig. 7A](#F7){ref-type="fig"}; [**Fig. S1B**](#SUP1){ref-type="supplementary-material"}). Signaling was induced by addition of TGFβ to shRNA treated KD and control cells and expression and localization of SMAD2/3 was followed by immunofluorescence analysis. In control cells, SMAD 2/3 staining intensity increased from the 5 min time point onwards in parallel with an enrichment in the nucleus reaching high levels after 30 min of treatment ([Fig. 7A](#F7){ref-type="fig"}). In contrast, in Nesprin-2 KD cells translocation of SMAD2/3 was slower and first seen after 10 min. For each time point we analyzed \~500 cells and determined the nuclear vs. cytosolic distribution of SMAD2/3. With this analysis we could confirm delayed nuclear accumulation of SMAD2/3 in the Nesprin-2 KD cells. The difference was statistically significant ([Fig. 7B](#F7){ref-type="fig"}; p \< 0.05).

![Nesprin-2 mediates the translocation of SMAD 2/3 after TGFβ induction. (A) Translocation of SMAD2/3 was studied by inducing HaCaT cells (control and KD) with TGFβ at different time points. Overview pictures are shown. Nesprin-2, white, was detected with mAb K20--478, SMAD 2/3, red, DAPI staining for nuclei (blue). Arrows point to cells with nuclear accumulation of transcription factor. (B) Numbers of cells showing nuclear localization of SMAD2/3, respectively (n = 500 cells per time point); \*p \< 0.05). (C-E) Transcript amounts of three different SMADs (SMAD2,3 and 4) in control and KD cells as determined by qRT-PCR.](nucl-3-172-g7){#F7}

To further confirm our result of reduced expression of SMAD2/3 in Nesprin-2 KD cells, we performed qRT-PCR using RNA isolated from control and KD HaCaT cells at 0, 10, 30 and 60 min after TGFβ stimulation. In WT an increase of SMAD2, 3 and 4 transcripts was seen. In KD cells the levels were significantly reduced and no similar increase over time was detected ([Fig. 7C--E](#F7){ref-type="fig"}).

Nesprin-2 promotes c-Fos translocation to the nucleus
-----------------------------------------------------

We obtained similar results for c-Fos, a subunit of the AP1 transcription factor. In control cells 10 min after TGFβ stimulation strong nuclear staining was observed whereas KD cells showed a comparable staining only after 20 min ([Fig. 8A and B](#F8){ref-type="fig"}). The analysis of wounded tissue was prevented as c-Fos antibodies did not work reliably for staining of skin sections.

![Nesprin-2 mediates the translocation of c-Fos after TGFβ induction. (A) Nuclear translocation of transcription factor c-Fos was studied in control and KD HaCaT cells after induction with TGFβ. Scale bar, 25 µm. (B) Statistical analysis of the percentage of cells showing nuclear localization of c-Fos.](nucl-3-172-g8){#F8}

Nesprin-2G associates with heterochromatic DNA
----------------------------------------------

In our analysis we have found that the expression of specific transcription factor genes (PPARβ/δ, Egr-1 and E2F1) is altered during wound healing in Nesprin-2G deficient mice and that the expression and subcellular localization of transcription factor c-Fos and SMAD2, 3 and 4 are affected by Nesprin-2. As we have no indication for a direct interaction of Nesprin-2 and transcription factors, we tested whether Nesprin-2 is involved in chromatin organization and generation of a surrounding for genes which affects their transcription.[@R35]^,^[@R36]

We performed chromatin immunoprecipitation (ChIP) with mAb K20-478--4 and control antibodies in HaCaT cells. The precipitated DNA was purified and processed for sequencing. The ChIP-Seq data were analyzed and mapped onto the human genome. We found that the majority of the sequences which could be uniquely mapped to the human genome \[March 2006 (NCBI36/hg18) assembly\] represented centromere and other heterochromatic sequences derived from almost all chromosomes (\~50% centromere and \~26% heterochromatic sequences). Since heterochromatic regions of most chromosomes are underrepresented in the hg18 assembly due to their repetitive nature we think that our mapping approach revealed only a part of all reads assignable to such regions. Significantly fewer reads were derived from coding sequences. Furthermore, the coding sequences were not identical among the independent experiments in general whereas centromere and heterochromatic sequences were consistently observed ([Table 1](#T1){ref-type="table"}). In contrast, the control ChIPs with a GFP antibody or pAbK1 (Nesprin-2 C-terminal antibody) ChIP did not produce this pattern.

###### Results from ChIP Seq experiments performed with HaCaT cells using mAb K20--478 and pAbK1

  -------------------------------------------------------------------------------------------------------------------------------
  Antibody   Total read counts\   Heterochromatic\   \% of total\   Centromere\   \% of total\   Gene reads   \% of total reads
             mapped               DNA                reads          reads         reads                       
  ---------- -------------------- ------------------ -------------- ------------- -------------- ------------ -------------------
  K20--478   865,701              221,425            25.57          489,228       56.51          155,048      17.91

  K20--478   352,142              93,362             26.51          154,268       43.80          104,512      29.67

  pAbK1      572,355              168,442            29.4           11,440        2.0            392,473      68.6
  -------------------------------------------------------------------------------------------------------------------------------

To get further evidence for a heterochromatin interaction we stained Nesprin-2G deficient and WT fibroblasts with antibodies recognizing heterochromatin protein (HP1β). HP1β and the variant HP1α are predominantly found in foci of constitutive heterochromatin. Staining with antibodies gives a speckled pattern overlaying a diffuse fluorescence but the number of speckles can vary depending on the cell type.[@R37]^,^[@R38] We obtained a speckled pattern in WT and KO primary fibroblasts; however the number of speckles varied. In WT fibroblasts we counted \~10 speckles per nucleus, while in the KO fibroblasts the number was reduced to \~7 speckles. Furthermore, approximately 19% of WT nuclei did not have HP1β speckles. In the KO this number increased to \~36% ([Fig. 9A](#F9){ref-type="fig"} **and** [Table 2](#T2){ref-type="table"}). Protein gel blot analysis also showed reduced expression of HP1β in KO cells, tubulin was used as a loading control ([Fig. 9B](#F9){ref-type="fig"}).

![Nesprin-2 Giant associates with heterochromatic DNA and affects the localization of HP1β. (A) HP1β staining in WT and Nesprin-2 KO fibroblasts. mAb K56--386 was used to recognize Nesprin-2 Giant and DAPI to stain the nucleus (\*p \< 0.01 and \*\*p \< 0.001). (B) protein gel blot analysis showing the expression of HP1β in WT and KO.](nucl-3-172-g9){#F9}

###### Nesprin-2 KO fibroblasts showed reduced heterochromatin protein speckles

       No. of speckles/cell   No. of cells without speckles
  ---- ---------------------- -------------------------------
  WT   10.24                  19.07
  KO   7.59\*\*               36.46\*

Heterochromatin was detected with antibodies specific for HP1β.

HP1β is known to interact with trimethylated histone (H3K9Me3) and this interaction is important to recruit HP1β to the heterochromatin region of the genome.[@R39] We therefore also studied the pattern of H3K9Me3 distribution in Nesprin-2 KD HaCaT cells. In control cells H3K9Me3 was distributed throughout the nucleus and was also seen near the nuclear envelope. Nesprin-2 loss caused an unequal distribution of H3K9Me3 and led to its accumulation in the center of the nucleus ([**Fig. S4A**](#SUP1){ref-type="supplementary-material"}, indicated by white dotted boxes). These changes in localization were accompanied by reduced expression of the protein ([**Fig. S4B**](#SUP1){ref-type="supplementary-material"}).

Discussion
==========

The LINC complex forms a connection between the nuclear lamina and cytoskeletal elements of the cytosol. Its importance is highlighted by the findings that mutations in LINC complex components can cause a variety of human diseases called laminopathies. They could arise from adverse effects of the LINC complex on actin mediated cellular functions including cell adhesion, cell migration and cell mechanics or altered gene expression due to altered interactions of transcription factors with Lamin A/C and its associated NE proteins or through changes in chromatin organization.[@R40]

The in vivo wound healing experiment in Nesprin2G KO mice allowed us to probe the role of the LINC complex directly in a process that involves directional cell migration, proliferation and differentiation. Remarkably, we observed a delay in wound healing at day 7 and 10 in Nesprin-2G KO mice, which is the phase when keratinocytes and myofibroblasts contribute to the wound healing process. We therefore focused on these two cell types in our analysis. We found changes in the abundance of transcription factors that regulate fibroblast differentiation and keratinocyte proliferation as well as changes in the cytoskeleton which might lead to altered cell mechanics that could also impact on gene regulation. Nesprin-2 KO wounds showed altered keratinocyte differentiation and reduced proliferation and an atypical migration pattern and absence of neo-epidermis at these time points. This could impair the wound sealing from the epidermis. In support, KO as well as KD cells form strong focal adhesions in vitro on a collagen matrix which slows down migration. The increased cell spreading area and focal contacts in KO and KD cells were however not paralleled by increased amounts of Vinculin but might be achieved by its redistribution.

For transcription factors that regulate fibroblast differentiation and keratinocyte proliferation we observed slight alterations in the accumulation of the PPARβ/δ, EGR-1, and E2F1 transcripts in mutant wounded skin. PPARβ/δ and E2F1 expression were approximately 2- and 1.5-fold reduced at day 1 as compared with WT. PPARβ/δ is one of the targets of AP-1 and in the WT situation its expression is strongly enhanced in keratinocytes after skin injury.[@R29] The observed delayed wound healing could be a result of reduced PPARβ/δ expression.[@R41]

In wounded skin EGR-1 and E2F1 transcript levels are slightly increased at day 3 in Nesprin-2G KO. E2F1 activity is essential for proper epidermal morphogenesis and keratinocyte proliferation. In differentiating keratinocytes, Ca^2+^ induced protein kinase C (PKC) activation downregulates E2F1 by activating p38β mitogen-activated protein kinase (MAPK).[@R42] Murine keratinocyte differentiation is associated with loss of E2F1/pRb DNA-binding complexes and E2F1 knock-out mice showed defective keratinocyte proliferation and migration which finally led to delayed wound re-epithelialization.[@R31] This indicates that E2F1 is a crucial regulator of keratinocyte proliferation and migration. Together, a decrease in PPARβ/δ at day 1 and an increase in E2F1 expression at day 3 may cause the slowing down of proliferation in Nesprin-2G KO mice wound healing. It is possible that this sequence of events is caused by a loss of a cellular signal which is normally transduced from the cell surface via cytoskeletal elements to the nucleus through the LINC complex with Nesprin-2 as one of its components or in response to mechanical damage. Once this link is lost due to the absence of Nesprin-2G cell functions such as proliferation and differentiation are delayed, though not completely lost.

A likely signal is TGFβ1. Interestingly, an earlier study had shown that induction of TGFβ1 in fibroblasts enhanced the formation of "structural elements," namely bundles of actin filaments or stress fibers, vinculin-containing fibronexus adhesion complexes and fibronectin fibrils that caused increased expression of α-SMA.[@R43] These "structural elements" were important for generating contractile force in myofibroblasts which is associated with wound contraction. Formation of stress fibers therefore directly correlates with the expression of α-SMA, and a reduction in α-SMA is equivalent to a reduction in F-actin content. Such a scenario might also be relevant for our findings in the injured skin of Nesprin-2G deficient animals.

In Nesprin-2 KD cells TGFβ1 stimulation led to a retarded nuclear accumulation and expression of SMAD2, 3 and 4 and c-Fos. A direct interaction of these transcription factors with Nesprin-2 could not be shown so far. However, the observed effect could also be achieved through indirect interactions. In such a scenario, Nesprin-2, based on its ability to interact with Emerin and Lamin, can affect TGFβ/Smad signaling as Emerin is directly involved in this signaling pathway through its interaction with MAN1, an important factor of TGFβ/BMP signaling.[@R44] We have previously shown that in the Nesprin-2 Giant KO mouse Emerin is redistributed into the cytoplasm where it can no longer perform its role in these pathways.[@R18]

Nesprin-2 might also be directly involved in signaling. In recent work it was shown that a short isoform of Nesprin-2 can act as an extracellular signal-regulated MAPK1 and MAPK2 scaffold protein that plays a role in regulating the nuclear signal.[@R12] This might also be relevant in our wound healing experiments as we have previously shown that loss of Nesprin-2G affected the expression of C-terminal Nesprin-2 isoforms leading to a reduction or their complete loss (see ref. [@R18] and [**Fig. S1**](#SUP1){ref-type="supplementary-material"}). Another signaling molecule in wound healing is β-catenin. It activates fibroblast proliferation and inhibits keratinocyte migration.[@R45] β-Catenin together with α-Catenin, Emerin and Nesprin-2 forms a complex at the NE in which Nesprin-2 acts as a positive regulator of Wnt signaling, since loss of Nesprin-2 results in a decrease of nuclear β-catenin pools and a downregulation of Wnt pathway activity, one of the signaling pathways β-catenin is involved in.[@R46] β-catenin activation can also be achieved by TGFβ1 and through this link involve Nesprin-2 in mediating downstream events of TGFβ1 signaling.

Interaction of Nesprin-2 with centromeres and heterochromatin within the nucleus suggests a further mechanism through which it might act in transcriptional regulation of genes involved in cell proliferation, namely by bringing the chromatin into a surrounding favorable or unfavorable for activity. It was shown for mouse pericentric heterochromatin that it is involved in proliferation dependent and cell cycle regulated transcription.[@R47]^-^[@R50] Reduction in expression and unequal distribution of HP1β speckles as well as H3K9Me3 in Nesprin-2 KO and KD cells, respectively, show the important role of Nesprin-2 in maintaining the heterochromatin protein pattern. Through this Nesprin-2 could also influence the expression of genes which are naturally residing within the heterochromatin region either as negative or positive regulator.[@R51]^,^[@R52]

From our study we propose that Nesprin-2G has two major roles in wound healing; one through its capacity as an actin-binding protein and a further one through its interaction with lamina components and with chromatin. At the ONM it interacts with F-actin and is responsible for the correct formation of the actin cytoskeleton around the nucleus in WT. Through the actin cytoskeleton interaction it is also connected to the plasma membrane and the extracellular matrix and can affect focal adhesion formation. At the NE, Nesprin-2 interacts with SUN proteins and the underlying nuclear lamina. Loss of Nesprin-2G leads to a loss of F-actin around the nucleus, and signals from the extracellular matrix are less efficiently transmitted to the NE and the nuclear lamina ([Fig. 10](#F10){ref-type="fig"}). Nuclear lamina components themselves can interact with transcription factors and through this chain of interactions Nesprin-2 may affect transcription. Interestingly, the binding sites of LaminA/C for Rb protein and c-Fos overlap with the binding site for Nesprin-2 and a competition for binding sites might be a further mechanism to explain Nesprin-2 action in addition to its effects on transcription through heterochromatin interactions.[@R7]^,^[@R14] Finally, actin, the interaction partner of Nesprin-2 Giant is also a nuclear protein and has roles in gene regulation.[@R53] Therefore an impact of Nesprin-2 on transcription via actin could also be considered.

![Proposed mechanisms of Nesprin-2 involvement in cell migration, proliferation and transcription regulation. In WT Nesprin-2 at the ONM together with other NE proteins connects the nucleus to the actin cytoskeleton (LINC complex). The LINC complex (Nesprin-SUN) and associated proteins can transduce signals from the cytoplasm to the nucleus. Nesprins can transduce either mechanic signals through the LINC complex to the nucleoplasm and are also involved in signal transduction processes through interaction with transcription factors. Gene transcription may also be affected through interactions of NE proteins with chromatin thereby altering the status of chromatin from being inactive or being actively transcribed and vice versa. In KO cells F-actin distribution and status of heterochromatin is altered. Expression and availability of transcription factors is reduced and leads to reduced cell proliferation.](nucl-3-172-g10){#F10}

As the changes in the Nesprin-2G KO mice were only observed under physiological stress conditions, there must be other proteins which ensure a correct arrangement of the chromatin and functioning of the cell. Such a mechanism is vital for a cell to survive adverse conditions as during mechanical stress.

Materials and Methods
=====================

Nesprin-2G deficient mice
-------------------------

The generation of Nesprin-2G deficient mice has been described.[@R18] Animals were backcrossed into the C57Bl6 background for seven generations. All animals used in the studies were females between 9 and 12 weeks of age; age and sex-matched littermates were used as controls. Animals were housed in specific pathogen-free facilities and all animal protocols were approved by the local veterinary authorities.

Wound healing experiments
-------------------------

Wound healing experiments and analysis were done as described.[@R54] In brief, four circular full-thickness (this is beyond the panniculus carnosus (PC) muscle) excisional wounds of 5 mm in diameter were made on the dorsal side of each mouse. Wounds were harvested at 1, 3, 5, 7 and 10 d after wounding. Six wild type and six knockout animals were used for analysis per time point if not indicated otherwise.

Immunohistochemistry and immunofluorescence
-------------------------------------------

For general histology, the samples (paraffin sections) were stained with hematoxylin and eosin (H&E). For immunofluorescence, paraffin sections were deparaffinised and rehydrated which was then followed by antigen retrieval and antibody incubation.[@R54] Antibodies directed against F4/80 (1:40, CI:A3--1 AbD Serotec), α-SMA (1:500, 1A4, Cy3 conjugate, SIGMA), Ki-67 (1:40, TEC-3, Dako), Keratin 14 (1:1000, AF64, COVANCE), c-Fos (1:1000, sc-52, Santa Cruz Biotechnology), HP1β (1:240, H2039, SIGMA), β-actin (1:1000, A5316, SIGMA), α-tubulin (mAb WA3), Vinculin (1:50, SIGMA), SMAD 2/3 (1:250, \#5678, Cell Signaling), H3K9Me3 (1:300, \#07442 Upstate) and Nesprin-2G (mAb K20--478,[@R2] mAb K56--386,[@R18] were used. Appropriate secondary antibodies were conjugated with Alexa Fluor 488 and 594 (Molecular Probes). Nuclei were stained with 4, 6-diamino-2-phenylindole (DAPI), F-actin with TRITC-Phalloidin. Cryosections were used for detecting Nesprin-2 with mAb K56--386 in skin sections ([**Fig. S1A**](#SUP1){ref-type="supplementary-material"}). Cryosections were fixed in acetone for 15 min at -20°C and permeabilized with 0.5% Triton followed by blocking with PBG. Sections were incubated with primary and secondary antibodies for overnight at 4°C and for 1 h at room temperature, respectively. Cultured cells were fixed with paraformaldehyde and processed for immunofluorescence analysis.[@R18]

Quantification
--------------

Paraffin sections from 5, 7 and 10 d after wounding were stained with α-SMA. To quantify the amount of differentiated fibroblasts fluorescence signal intensity of α-SMA per unit area was measured using "quantify" function in the TCS SP II confocal software.

For measuring the granulation tissue area and distance between the panniculus carnosus, paraffin sections were stained with Sirius red and analyzed with polarized light microscopy.[@R55] For quantification of area and length of hyperproliferative epidermis, Paraffin wound sections were stained with H&E. These sections (n = 3--6 sections/wound/mouse) of indicated time points were analyzed using DISKUS software. To study nuclear localization of c-Fos and SMAD2/3, HaCaT cells were transfected with control and KD plasmids. After treating with TGFβ (1 ng/ml) (Cell Signaling Technology \#5231), cells were subjected to immunofluorescence with indicated antibodies. For each time point, 500 cells were counted randomly and out of them cells showing nuclear localization of c-Fos and SMAD2/3 were counted and then their percentage calculated.

RNA isolation and quantitative Real Time PCR (qRT-PCR)
------------------------------------------------------

Wounds were excised and collected at 1, 3, 5, 7 and 10 d after wounding and immediately frozen in liquid nitrogen. Tissues were homogenized with an ULTRA TURRAX (IKA LABORTECHNIK) tissue homogenizer and RNA was isolated using TRIZOL (Invitrogen). Quantity and quality of RNA was analyzed on an Agilent Bioanalyser (Agilent Technologies). cDNA was prepared by reverse transcription of 5 μg RNA with oligo dT[@R18] using Superscript II reverse transcriptase (Invitrogen). Real time PCR was performed with the Opticon III instrument (MJ Research) using the Quantitect™ SYBR® green PCR kit (Qiagen) according to Farbrother et al.[@R56] As a quantification standard defined concentrations of annexinA7 cDNA[@R57] were used for amplification. For every cDNA quantification three reactions were performed in parallel per animal, quantification results were normalized based on the GAPDH control and mean values were calculated.

Cell culture and cell scratch assay
-----------------------------------

Dermal fibroblasts and keratinocytes were isolated from new born mice of both WT and Nesprin-2 KO. Dermal fibroblasts (passage 2 and 3; three mice each) were cultured in DMEM medium with 10% fetal bovine serum (FBS), L-Glutamine and antibiotics like Penicillin*-*Streptomycin in 5% CO~2~ and 37°C incubator. Whereas primary keratinocytes were cultured under 5% CO~2~ and 32°C incubator in low Ca^2+^ FAD medium on type I collagen coated plates on which a feeder layer of mitomycin-treated 3T3 fibroblasts had been prepared. Low Ca^2+^ FAD medium was supplemented with 10% fetal calf serum (FCS) treated with Chelex 100 resin (BioRad) to reduce the calcium concentration and a cocktail of 1.8 × 10^--10^ M adenine, hydrocortisone (0.5 μg/ml), insulin (5 μg/ml), cholera toxin (10^--10^ M) and epidermal growth factor (EGF) (10 ng/ml).[@R58]^,^[@R59] Migration of wild type and mutant keratinocytes after scratching was analyzed by time lapse video microscopy (32°C, 5% CO~2~) using a Leica DMIRE2 microscope.

Expression of Nesprin-2 was depleted from HaCaT keratinocytes using plasmid based shRNA as described.[@R18] For Nesprin-2 knock down Nesprin-2 C-terminal sequences were cloned into the pSHAG-1 vector using BseRI and BamHI restriction sites.[@R60]

Nesprin-2 C-terminal (N2-C2) - 5′C CCAGCCTCCTGCAACATCCGAAGCTTGGGATGTTGCAGGAGGCTGGTTTTTT; Nesprin-2 C-terminal (N2-C2) - 3′ GATCCCAGCCTCCTGCAACATCCCAAGCTTCGGATGTTGCAGGAGGCTGGCG; and Control- 5′ ATCTACTCGACGTGAGCGTGAAGCTTGACGCTCACGTCGAGTAGATTTTTT; and Control- 3′ GATCAAAAAATCTACTCGACGTGAGCGTCAAGCTTCACGCTCACGTCGAGTAGATCG. HaCaT cells were transfected twice at intervals of 3 d using the Amaxa cell line Nucleofector® kit V (Lonza) according to the manufacturer\'s instructions. For TGFβ signaling cells were treated with 1ng/ml TGFβ for different times (5, 10, 20 and 30 min) and used for analysis.

Time lapse video microscopy
---------------------------

For cell scratch assays, mouse primary keratinocytes from Nesprin-2 KO and WT were subjected to live cell imaging using Leica DM IRE 2 microscope and Leica DFC 350 FX camera with Leica FW 4000 software. Images were taken every 10 min up to 48 h. Images taken at 0 and 48 h time points were used for quantification of cell migration speed. The distance between the migrating cells at different positions was measured using ImageJ tool.

Chromatin immunoprecipitation and DNA sequencing
------------------------------------------------

Chromatin immunoprecipitation (ChIP) was performed in HaCaT cells using a kit (ChIP-IT Express, 53008, Active Motif). The protocol of the manufacturer was essentially followed. Sequencing methods were based on Illumina protocols (Illumina Inc). mAb K20--478 was used for precipitation of Nesprin-2 Giant.[@R2] In control ChIP experiments pAbK1 recognizing C-terminal isoforms of Nesprin-2 and a GFP-specific antibody were used.[@R7]
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